A cDNA library was made with mRNA from Candida albicans grown under conditions favoring the hyphal form. The library was screened for sequences that encode immunogenic proteins by using pooled sera from five patients with oral candidiasis and five uninfected patients. Most of these patients were human immunodeficiency virus positive. From 40,000 cDNA clones screened, 83 positive clones were identified. Of these, 10 clones were chosen at random for further analysis. None of these 10 cDNAs were derived from a multigene family. The 5' and 3' ends of all 10 clones were analyzed by DNA sequencing. Two cDNAs were separate isolates of a sequence with strong homology to pyruvate kinase genes from other fungi (59 to 73%) and humans (60%). A third cDNA had strong sequence homology to the Saccharomyces cerevisiae and Kluyveromyces lactis alcohol dehydrogenase genes (68 to 73%). A fourth cDNA was homologous (81%) to an S. cerevisiae protein of unknown function. The functions of the remaining six C. albicans cDNAs are not known. A more detailed
analysis of the clones encoding glycolytic enzymes revealed that sera from few patients recognized them as antigens. Therefore, although glycolytic enzymes constitute a group of C. albicans proteins that are immunogenic during oral and esophageal infections, their detection cannot be exploited as an accurate marker of infection.
The imperfect fungus Candida albicans is an opportunistic pathogen that causes a wide range of infections which frequently occur in the gastrointestinal, respiratory, and genital tracts in many animals, including humans (25) . It normally exists as a commensal organism, but it can cause severe infections, particularly in an immunocompromised host. Only a limited number of safe and effective drugs are available to combat C. albicans infections.
Genetic approaches to an understanding of the pathogenicity of C. albicans have been hampered because the organism is diploid and has no known sexual cycle (36) . In addition, the relative importance of various virulence factors of C. albicans during pathogenesis remains unclear (7) . This organism is able to undergo a morphogenetic switch from a yeast form (which undergoes cell division by budding) to a hyphal form (that generates mycelia). The hyphal form is able to penetrate epithelia, but both forms are found in infected tissue, so the relationship between cell morphology and pathogenicity is not yet clear (7, 20, 25, 30) . Other potential virulence factors include the production of an extracellular proteinase (4, 15, 19, 27) , the synthesis of receptor-ligand molecules that promote adherence to the host (6) , and a high degree of genetic flexibility, which allows the conversion to a variety of phenotypic forms at high frequencies (3, 26, 29, 42) .
Pathogenicity is also dependent on the immunological status of the host. However, mucocutaneous infections rarely become invasive, even in severely compromised hosts (12) . Mechanisms other than the cell-mediated immune response appear to be important in protection; for example, circulating and secretory antibodies may have protective effects in the disease situation (21) . Some groups have * Corresponding author.
attempted to elucidate the immunological relationship between C. albicans and its host by characterizing specific C. albicans antigens (12, 13, 40, 45) . Using an alternative approach, we have attempted to identify C. albicans antigens which (i) can be used for diagnosis of candidiasis and (ii) define new proteins which may play a role in infection. We have analyzed, at random, a set of cDNAs that encode C. albicans proteins which elicited an immune response during infections in humans. Our data confirm that numerous antigens are recognized by sera from patients and show that some glycolytic enzymes are nonubiquitous immunogens during C. albicans infections.
MATERUILS AND METHODS
Sera. Serum samples were obtained from 30 different patients, 22 of whom were suffering from acute candidiasis (oral or esophageal) ( Table 1) . Twenty-seven of these patients were positive for human immunodeficiency virus (HIV) infection.
Culture conditions. C. albicans Robin, Berkhout strain 3153, was from the London Mycological Reference Laboratory. The organism was grown in the yeast form to the late exponential growth phase at 25°C with shaking at 200 rpm in YPD (2% glucose, 2% bacteriological peptone, 1% yeast extract). To induce hyphal growth, 10 ml of this culture was then used to inoculate 100 ml of YPD containing 10% bovine calf serum at 37°C (approximately 2 x 107 cells per ml). Growth in the yeast and hyphal forms was monitored by light microscopy.
Preparation and analysis of nucleic acids. Genomic DNA was prepared from C. albicans as described previously (18) , and total RNA was prepared by the method of Lindquist (17) . Southern blotting (34) and Northern (RNA blot) analysis (24) were performed as described previously with radio- labelled probes prepared by random priming of purified DNA restriction fragments (10) or by in vitro transcription (14) . Unless stated otherwise, other DNA and RNA manipulations were performed by standard procedures (32) . Immunological dot blots. NZYM agar plates were overlaid with 8 ml of NZYM-agarose containing 100 ,ul of E. coli RY1090 (47) . To test the reactions to the proteins encoded by the 10 cDNA clones, 10 ,ul of each phage was spotted onto the plates; 10 ,ul of a Xgtll lysate were used as a negative control. To test reactivity to the glycolytic enzymes, only phage for C albicans PYK1 (cDNA3) and C. albicans ADHI (cDNA4) were used. Xgtll and the total cDNA library were used as negative controls. For this experiment, the phage stocks were diluted to 100 PFU/10 ,lI.
All plates were incubated for 3 h at 42°C, overlaid with nitrocellulose filters saturated with 50 mM IPTG, and incubated for 4 to 5 h at 37°C. All further procedures were similar to the library-screening procedure with two exceptions. (i) Twenty individual sera were used to analyze the reactivity of the glycolytic enzymes, whereas a pooled mixture of 10 sera was used to analyze the 10 positive clones (the same sera that were used for the library screening). (ii) The second antibodies were specific for different Ig classes. In each case, the patient sera were preabsorbed against bacterial proteins (twice) before use. RESULTS Isolation of cDNA clones encoding immunogenic proteins. A cDNA library was made from poly(A)-containing RNA isolated from the hyphal form of C. albicans 3153. At least 99% of the 1.2 x 106 independent clones in the library contained cDNA inserts, as judged from the frequency of insertional inactivation of the lacZ sequence in the vector. The library was constructed in the XZAPII vector, which is designed to clone cDNAs in a directional manner, with the 5' end of the mRNA sequence located close to the T3 primer site and the 3' end close to the T7 primer. This facilitated subsequent analysis of the cDNAs by DNA sequencing.
The library was screened with pooled sera from 10 patients, five of whom had oral and/or esophageal candidiasis. Nine of these patients were HIV positive. Before screening, the sera were absorbed with cell extracts to reduce the titer of antibodies that react with E. coli proteins and proteins present in the yeast form of C. albicans. Positive reactions were clearly identifiable for 83 of 40,000 clones screened (data not shown).
Ten of these 83 positive clones were chosen at random for further analysis. All 10 clones reacted consistently with the pooled sera during subsequent rounds of plaque purification. The 10 clones were converted from their lambda phage form into their Bluescript plasmid form, and the approximate length of each cDNA insert was measured by restriction analysis (Table 2 ). Northern analysis of the corresponding mRNAs revealed that 7 of the 10 cDNAs were nearly full length ( Table 2) . Quantification of these Northern blots showed that the relative abundances of the mRNAs varied considerably (more than 100-fold), with cDNAs 2, 3, and 4 having the most abundant mRNAs (43a).
Preliminary characterization of cloned sequences. Since differential expression of specific isoenzymes during morphogenesis in C. albicans has been observed (16) , it was important to determine whether any of our cDNAs was derived from a multigene family. None of the cDNAs generated complex hybridization patterns associated with multigene families when they were used as probes against Southern blots of C. albicans genomic DNA. For example, single bands were observed in each lane of the Southern blot probed with cDNA2 when genomic DNA was digested with enzymes that do not cleave within the cDNA insert (Fig. 1) cDNA2, Fig. 1 ). Therefore, the proteins encoded by the cDNAs were recognized as antigens by sera from infected patients and stimulated an immunological response.
Northern analysis of the mRNA corresponding to cDNA2 showed that this mRNA was induced approximately threefold when cells growing in the yeast form at 25°C were compared with those growing in the hyphal form in the presence of serum at 37°C (Fig. 1) . A similar result was obtained for cDNA4. We are currently investigating whether changes in the expression of these sequences correlate with the dimorphic switch.
Antibody type involved in recognition. Immunological dot blots were performed to confirm the reactivity of the proteins encoded by the 10 clones and to identify the antibody type involved in the immunological response. In particular, we were interested in the reactivity with IgA antibodies, since mucosal tissue is infected in oral candidiasis. Duplicate dot blots were prepared on nitrocellulose membranes for each plaque-purified lambda cDNA clone. The 10 pooled sera were incubated with both membranes, and then individual membranes were incubated with goat antibodies against either human IgM or human IgA. Binding by antibodies was detected by the conjugated alkaline phosphatase reaction (Fig. 2) .
All of the cDNAs were found to encode proteins that were recognized by IgA antibodies, although the reactions with cDNA3 were stronger than with the other clones. IgM antibodies reacted with the proteins encoded by all 10 cDNAs, and once again, the reactions were stronger for cDNA3. These observations were reproducible. Therefore, the proteins encoded by these cDNAs, and especially by cDNA3, appear to be potent immunogens during C. albicans infections.
Sequence analysis of each cDNA. Preliminary DNA sequencing was performed on each cDNA in an attempt to assign its function. Between 150 and 300 nucleotides of single-stranded DNA sequence was generated from each end of all 10 cDNA clones with the commercial T3 and T7 oligonucleotide primers. These expressed sequence tags (1) were subjected to computer searches in an attempt to VOL. 61, 1993 on 10) and a Agtll control (nos. 11) were prepared, and the phage lysates were transferred to a nitrocellulose membrane following IPTG induction. Filters were blocked and incubated with pooled sera from 10 patients, and detection was done with alkaline phosphatase-labelled second antibody against human IgM. Positive responses were obtained reproducibly for all 10 clones in further experiments.
oligonucleotide primers. These expressed sequence tags (1) were subjected to computer searches in an attempt to identify possible sequence homologies within the data bases.
Significant homologies (>50% on overlaps of >100 bp) were identified for four of the cDNAs. The 5' sequences of cDNAs 2 and 4 were then extended to 548 and 510 bases, respectively ( Table 3) .
The 5' sequences of cDNA clones 2 and 3 show a high degree of homology to the 5' regions of pyruvate kinase gene sequences from Saccharomyces cerevisiae, Trichoderma reesei, Yarrowia lipolytica, Aspergillus nidulans, and human muscle ( Fig. 3; Table 3 ). In addition, the 3' ends of cDNAs 2 and 3 are homologous to the 3' region of S. cerevisiae PYKI (59.9% identity over 142 bases; not shown). Furthermore, the significance of these homologies increased when noncoding sequences were excluded and the comparison was limited to the coding region. Therefore, cDNAs 2 and 3 appear to be two separate isolates of the pyruvate kinase mRNA (C. albicans PYK1).
The 5' sequence of cDNA4 shows strong homology with the 5' regions of alcohol dehydrogenase genes from S. cerevisiae and Kluyveromyces lactis ( Fig. 4; Table 3 ). Also, the 3' sequence of cDNA4 is homologous to the 3' ends of the ADH1 and ADH3 genes from S. cerevisiae (73.2% over a The alignments for C. albicans PYKI and ADHI are presented in Fig. 3 and 4, respectively. The percent identity data are approximate because the DNA sequences were determined on one strand. (44) . Homologies to the Candida sequence are in boldface. The percent homology and length for each overlap are presented in Table 3 . Of the 5' sequence generated from cDNA3, 292 bp were identical to the corresponding region of cDNA2
(not shown).
Ca ADHi
ATCTTCTACGAA---AATGGTGGTAAGTTGGAATACAAGGATTTGCCAGTTCCAAAGCCA Table 3 . The dots above the C. albicansADHI sequence indicate the region of overlap with the partial sequence for C. albicansADH1 published by Shen and coworkers (40) . The sequences are identical.
polypeptide epitopes would be identified in this study. Therefore, proteins whose epitopes are based on posttranslational modifications (for example, some mannoproteins [45]) would not be detectable with our approach. Five sera from uninfected people were included in the pool of 10 sera used in the screening procedure for two reasons. First, most people are exposed to this pathogen during their lifetime (25) , and so we assumed that people without an active Candida infection may also carry antibodies against C. albicans proteins. Second, if certain antibodies confer a protective effect against C. albicans infections, one might expect these antibodies to be present in uninfected subjects.
About 0.2% of the cDNAs in the library gave clearly detectable signals in the immunological screening procedure. The proportion of cDNA clones that react positively in such a screen is dependent not only on the proportion of polypeptides that are immunogenic during C. albicans infections but also on the relative abundance of the mRNAs encoding these sequences. We attempted to enrich for those proteins whose expression was increased during hyphal growth in the screening procedure. However, sequences that are expressed during the growth of the yeast form were isolated (for example, those encoding glycolytic enzymes). Presumably, our depletion of antibodies with proteins present in the yeast form was incomplete, because these immunogenic enzymes were abundant.
Three of the 10 C. albicans cDNAs that we analyzed appear to encode pyruvate kinase or alcohol dehydrogenase ( Fig. 3 and 4) . Biases in the cloning and screening procedures may have influenced the number of glycolytic enzymes identified, since glycolytic enzymes can constitute up to 30% of total soluble proteins in S. cerevisiae (11) . Nevertheless, the results of the immunological dot blots suggest that these glycolytic enzymes can be major immunogens during C. albicans infections (Fig. 2) . This is consistent with previous studies which have analyzed C. albicans proteins as allergens (12, 13, 40) . The isolation and DNA sequencing of C. albicans cDNA clones encoding 40-and 48-kDa antigens revealed that these proteins have strong homology to S. cerevisiae alcohol dehydrogenases and enolases (12, 41) . In addition, the purification and partial amino acid sequencing of allergens of 37, 43, and 46 kDa indicated that these C. albicans proteins correspond to aldolase, phosphoglycerate kinase, and enolase, respectively (13) . Our data extend the above list of immunogenic glycolytic enzymes to pyruvate kinase, and in addition, the results with IgA antibodies demonstrate that glycolytic proteins function not only as allergens but also as antigens during infections (Table 1) .
Alcohol dehydrogenase and pyruvate kinase sequences were recognized as being among the strongest antigens analyzed in the pool of 10 sera (Fig. 2) . However, pyruvate kinase and alcohol dehydrogenase are not general immunogens, since the majority of the sera tested failed to react with them (Table 1) . Only one serum was strongly reactive when individual sera were tested (Table 1, patient 2). Interestingly, this serum showed the strongest reactions to both pyruvate kinase and alcohol dehydrogenase. A similar linkage effect (in which sera from some individuals show strong reactions to more than one glycolytic enzyme) has been observed previously for allergic reactions against C. albicans (13). The basis for the variation in the strength of these reactions among individuals is not known. There was no clear correlation between the severity of infection (esophageal versus oral) and the recognition of the antigens by the sera studied. The coding regions in cDNAs 3 and 4 were full length, as judged from the length of the cDNA inserts and by comparison with the analogous S. cerevisiae sequences (Tables 2  and 3 ). Therefore, weak or negative reactions to alcohol dehydrogenase or pyruvate kinase were not due to the lack of key polypeptide epitopes. (This may not hold true for cDNAs 1, 5, and 7, which contain only a portion of their corresponding mRNAs [ Table 1 ]). Instead, the variation is probably related to the immunological susceptibility of individual patients and their ability to recognize these proteins as foreign. This notion is supported by the fact that a number of C. albicans proteins can be allergens in some patients but not in others (22, 35, 39, 48) . Seven of the patients tested were known to be allergic to antibiotics, but there was no correlation between this property and their response to the glycolytic enzymes.
In conclusion, one of our goals was to identify C. albicans antigens that could provide the basis for a diagnostic test. The approach was to isolate cDNAs that encode proteins which are recognized by most individuals during infections. Initially, C. albicans PYKI and ADH1 seemed to be good candidates, as phage lysates made from these cDNAs reacted strongly with the 10 pooled sera (Fig. 2) . However, these proteins are unlikely to provide the basis for successful diagnostic tests or vaccines because few sera recognized alcohol dehydrogenase or pyruvate kinase from C. albicans (Table 1) . A second goal was to identify new proteins which may play a role in infection. This has been successful, because an additional six C. albicans cDNAs which encode immunogenic proteins have been isolated in this study (Table 2 ). However, their functions remain obscure, as no significant homologs have been identified in the data bases. Studies are in progress to determine the function and regulation of these sequences and their recognition patterns during infection.
